Fast pyrolysis char, obtained from two biomasses at 500 C with a residence time of 1.3 s, was used as a precursor of nanoporous carbon material under different KOH loadings. In order to investigate a potential application as a biosorbent, a phenol removal test according to contact time and initial adsorbate concentration was also conducted in this study. During the process, a significant change in bonding structure of char focusing on weight loss and released volatiles was observed. In the presence of catalyst, aromatic hydrocarbons including BTEX were significantly released along with intermolecular bonding cleavage. After KOH activation at 700 C for 2 h, the produced carbon material was characterized by van Krevelen diagrams, XRD, Raman spectroscopy, and XPS analysis. The produced activated carbon has a highly aromatic structure compared with commercial activated carbon (AC). In addition, a super-active carbon with a large pore volume (1.58 cm 3 g
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Fast pyrolysis char, obtained from two biomasses at 500 C with a residence time of 1.3 s, was used as a precursor of nanoporous carbon material under different KOH loadings. In order to investigate a potential application as a biosorbent, a phenol removal test according to contact time and initial adsorbate concentration was also conducted in this study. During the process, a significant change in bonding structure of char focusing on weight loss and released volatiles was observed. In the presence of catalyst, aromatic hydrocarbons including BTEX were significantly released along with intermolecular bonding cleavage. After KOH activation at 700 C for 2 h, the produced carbon material was characterized by van Krevelen diagrams, XRD, Raman spectroscopy, and XPS analysis. The produced activated carbon has a highly aromatic structure compared with commercial activated carbon (AC). In addition, a super-active carbon with a large pore volume (1.58 cm 3 g
À1
) and high specific surface area (2711 m 2 g À1 ) was successfully prepared, and the pore size largely depended on catalyst loading.
Furthermore, the Langmuir adsorption capacity of the produced activated carbon for phenol was 625 mg g
, which is superior to that of AC (500 mg g
). Interestingly, a correlation study revealed that mesopore volume has a strong positive correlation with adsorption capacity, probably due to an increase in mass transfer and active site accessibility. This work suggests the possibility of developing green carbon materials using a co-product of the biorefinery process as a natural adsorbent that exceeds the performance of AC and also expands insights into their thermal conversion behavior during the process.
Introduction
Fast pyrolysis is one of the most promising thermal conversion processes to produce liquid alternative fuel from dry biomass sources in high yield ($70 wt%). 1 Although the process has been optimized for liquid oil production, it is also accompanied by a valuable co-product, char, a solid-state material mainly composed of carbon.
2,3
Because of the low specic surface area of fast pyrolysis char, very little is known about its application and it has commonly been used for combustion for energy production. However, it has great potential to be utilized as a precursor of porous carbonaceous material due to its high carbon content. 4, 5 The fast pyrolysis char can be converted to high-active carbon through post thermochemical treatment such as activation using chemical agents which provides better availability. Improved quality carbon material is mainly used as a bioadsorbent, 6, 7 and can be used in the eld of catalyst supports 8 and electrode materials.
9
The world activated carbon market exceeded $3 billion in 2015 and is anticipated to gradually rise at a compound annual growth rate (CAGR) of 11.9% by 2019. 10 In addition, as concerns related to environmental problems grow, there is an increasing demand for renewable resources to replace coal, specically bituminous coal, the main raw material of activated carbon. Therefore, if pyrolysis char could be used as a precursor of activated carbon, it would be expected to have a positive effect on the environment as well as provide an economic benet.
However, there have been few studies conducted on the production of activated carbon using fast pyrolysis char, and in particular, studies on the application as biosorbent have been limited. Instead, a great deal of research has focused on activation processes using coal 11 or biomass such as wood, 12 nut shells, 13 and wastes, 14 requiring an additional carbonization step for long times.
Although activation is a well-known process for the commonly used precursors mentioned above, the mechanism has not been fully elucidated due to the complexity of its various parameters. Indeed, most research has mainly represented chemical and structural characteristics of the produced activated carbon and did not deal with the mechanism of structure formation. For the catalytic activation process, a few studies [15] [16] [17] have suggested chemical reactions with KOH, widely used activating agent due to its high efficiency in the production of activated carbon with large pore volumes and specic surface areas, mostly focused on the interactions between KOH and carbon solids and changes in the state of the catalyst, not carbon material itself. Thus, study on the degradation procedure of raw material as catalytic activation proceeds is still lacking.
In this study, it was hypothesized that the observation of weight loss tendency and kinds of released volatile compounds during thermal conversion process could provide key information to understand the cleavage process of structural bonding. In addition, KOH activation could result in production of highly-porous activated carbon from fast pyrolysis char. Last but not least, evaluating pollutant removal efficiency by use of the produced carbon material could be strongly associated with its potential to replace commercial one.
In this context, utilization of fast pyrolysis char, co-product from biofuel technology, to a precursor for activated carbon by KOH activation was carried out in this study. Before a practical activation, modication of the char structure was investigated by determining changes in weight loss point of structural degradation and volatile compounds released during the catalytic conversion of pyrolysis char with KOH. For chemical activation, overall experiments were designed by varying biomass type (sowood and hardwood) and catalyst loading, which are signicant factors in the process. Finally, all the samples were subjected to pollutant adsorption test. Phenol, a versatile precursor for plastics, drugs, and herbicide industries, was selected in this study because it is the representative one of priority pollutants determined by the U.S. Environmental Protection Agency (EPA) and it can cause serious problems such as protein degeneration, tissue erosion, paralysis of the central nervous system, and damage to brain functions at low concentrations when entering drinking water systems.
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Because adsorption capacity is signicantly affected by properties of activated carbon, a correlation study was also intensely carried out to determine the most important factor. Furthermore, adsorption capacity as well as chemical, structural, morphological, and textural properties of each carbon product were compared with commercial activated carbon. The present work will help to enhance both value of fast pyrolysis char and efficiency of water remediation by conversion of co-product into a high-performance biosorbent, which is an approach to total biorenery.
Materials and methods

Feedstock analysis and fast pyrolysis char preparation
Two kinds of wood, yellow poplar (YP) and Japanese red pine (JP), were kindly provided by the Korea Forest Research Institute (Seoul, Republic of Korea) and were used as the biomass feedstock in this study. Samples were ground and sieved through 0.5 mm mesh, followed by drying in an oven overnight before use. The moisture content of each sample was measured to be less than 2 wt%. Biomass samples were analyzed by elemental analysis (C, H, and N) using a US/CHNS-932 (LECO, USA) and the ratio of oxygen was calculated by difference. Compositional analysis for holocellulose, lignin, and ash content was conducted according to Wise's method, 20 TAPPI method (T222 om-88), and National Renewable Energy Laboratory (NREL) standard procedures, respectively. In order to determine the inorganic content of biomass, inductively coupled plasma-emission spectroscopy (ICP-ES) analysis was performed using an ICPS-1000IV instrument (Shimadzu, Japan). Before the analysis, 0.5 g of samples were digested with an addition of 10 mL of acid mixture (HNO 3 Biomass then was rapidly decomposed, some were recovered as liquid oil via an ethanol cooler and an electrostatic precipitator, and some were collected as solid char by a cyclone connected to the reactor. Aer the experiment, enough gas was allowed to ow for 30 min to react the residual volatiles, and then the temperature of the reactor was lowered. Finally, the collected solid char was weighed and stored in a sealed vial. The char yield was 8.4 wt% for YP and 12.9 wt% for JP based on the wet basis of biomass samples. The produced char from YP and JP was labeled YPC and JPC, respectively.
Structural degradation analysis of fast pyrolysis char during catalytic thermal conversion
As for analytical approach, in order to investigate the structural degradation behavior of fast pyrolysis char in the presence of catalyst, thermogravimetric (TG) and differential thermogravimetric (DTG) analyses and pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) were conducted. The samples for both experiments were prepared as a mixture of ground char and KOH catalyst (Sigma Aldrich), with catalyst ratios of 0, 2 : 1, and 4 : 1 (catalyst : char, w/w). For TG-DTG analysis, approximately 10 mg of each mixture sample was placed in a crucible in the instrument chamber (TGA/DSC 3 + (LF-1100) (Mettler-Toledo AG, Switzerland)) and heated at 10 C min À1 in the temperature range of 40 C to 700 C under a nitrogen atmosphere.
Analytical pyrolysis to identify released volatile compounds from fast pyrolysis char samples during catalytic pyrolysis was conducted using Py-GC-MS equipped with a coil-type CDS Pyroprobe 5000 (CDS Analytical Inc., Oxford, PA, USA) and GC-MS/FID (Agilent Technologies 7890A/Agilent Technologies 5975A, USA) with a DB-5 capillary column (30 m Â 0.25 mm ID Â 0.25 mm lm thickness). The prepared mixture sample including 3 mg of char was introduced into a quartz tube, which was then sealed by glass wool at both ends. For quantitative analysis, 1 mL of internal standard (IS; 1.3 mg of uoranthene per mL of methanol) was also added to each sample. Finally, the sample was pyrolyzed to 700 C at a heating rate of 10 C ms
À1
and was maintained for 20 s. Subsequently, the released volatile products were on-line transferred to a GC-MS/FID, and the program was set as follows. The GC injector and detector temperatures were set at 250 C and 300 C, respectively. The oven temperature program began with a 50 C hold for 5 min, and the temperature was increased at a heating rate of 3 C min À1 to 280 C and maintained for 10 min. The separated compounds were transferred into the ionization source of a quadrupole MS, and ionization was conducted in electron impact (EI) mode at 70 eV. The volatile compounds were identied based on NIST MS Search 2.0 (NIST/EPA/NIH Mass Spectral Library; NIST 02), and quantitative analysis was achieved with consideration of response factors (Rf) of each compound, as suggested in a previous study. 21 The amount of volatiles released from char with different catalyst ratios was calculated with the following equation.
Amount of volatiles
where Rf is the response factor, A volatiles and A I.S are the peak areas of the volatile compounds and internal standard, respectively, and Q I.S and Q char are the amounts of internal standard and char sample, and M w is the molecular weight of each volatile compound.
Manufacturing of nanoporous carbon from fast pyrolysis char by catalytic activation
Chemical activation of fast pyrolysis char was performed to produce nanoporous activated carbon using batch-type reactor placed at the Institute of Catalysis Research and Technology (IKFT) of Karlsruhe Institute of Technology (KIT). For each experiment, a mixture of pyrolysis char (1.5 g) and KOH (0, 3, or 6 g for ratio conditions of 0, 2 : 1, or 4 : 1, respectively, w/w) was prepared and purged with nitrogen (250 mL min À1 ) for 10 min to retain the inert condition of the reactor before activation. The reactor was then introduced into a furnace that had previously reached the reaction temperature of 700 C, and this temperature was maintained for 2 h with a constant ow of nitrogen gas. Aer activation, the reactor was removed and allowed to cool to room temperature. The mixture was washed with 250 mL of HCl solution (1 M), followed by 2 L of D.I. water to remove the KOH catalyst and residual HCl, respectively. No precipitation was observed in any experiment aer adding a droplet of AgNO 3 (0.1 M) to the ltrate, which conrmed that HCl had been thoroughly removed. The product was dried in an oven overnight, and the yield was calculated. All experiments were carried out in triplicate, and the produced activated carbon was referred to as YP0, YP2, YP4, JP0, JP2, and JP4 according to the type of precursor and ratio of catalyst.
Characterization of activated carbon
Elemental analysis for carbon product was carried out by the same method as referred in Section 2.1. The surface morphologies of the samples were observed by eld-emission scanning electron microscopy (FESEM), using a SIGMA (Carl Zeiss, UK) at various magnications. For surface structure analysis, X-ray diffraction (XRD) and Raman spectroscopy were carried out using D8 ADVANCE with DAVINCI (BRUKER, Germany) at the National Instrumentation Center for Environmental Management (NICEM) and T64000 (HORIBA Scientic, Japan) at the National Center for Inter-university Research Facilities (NCIRF) at Seoul National University, respectively. X-ray photoelectron spectroscopy (XPS) measurements were conducted to determine surface chemistry of the samples using AXIS-HSi (KRATOS, UK).
Binding energies for high-resolution scanning of C 1s spectra were tted at 284.5 eV for the lowest binding energy peak (C 1s (1)), and peak deconvolution was accomplished using casaXPS soware. Zeta potential was measured using Zetasizer-nano series (Malvern, UK). The suspension sample was prepared by adding ne char powder to 0.05 N NaCl solution, and adjusting the pH from 3 to 11 with HCl and NaOH solution. The mixture was agitated for better wettability and dispersion over 24 h, and sonicated before the measurement. The texture features were characterized by Brunauer-Emmett-Teller (BET) method for specic surface area from N 2 adsorption, the Barrett-JoynerHalenda (BJH) method for pore size and average diameter using adsorption branch, and the t-plot method for micropore structure using an ASAP 2010 (Micrometrics, Canada) with a N 2 adsorption-desorption isotherm at 77 K.
Phenol adsorption experiment
Phenol (Sigma Aldrich) adsorption tests for fast pyrolysis char and produced activated carbon were performed at 28 C under two different parameters; contact times and concentrations of phenol solution. For the adsorption, 0.05 g of char sample was placed into asks and 100 mL of phenol solution was added. The each ask was sealed by paralm and then shaken at 150 rpm. The effect of contact times on adsorption capability was determined under different time intervals (0.5, 1, 2, 3, 5, 7, and 20 h) using 200 mg L À1 of phenol solution. The effect of initial adsorbate concentrations was investigated using various phenol solutions (25, 50, 100, 150, and 200 mg L À1 ) with xed contact times for 20 h to reach equilibrium state of the solution.
Aer the adsorption, absorbance of the ltrate was measured using UV-vis spectrophotometer (EVOLUTION 201, USA) at the wavelength of 270 nm and phenol concentration was calibrated from the absorbance data. The amount of adsorbed phenol at the equilibrium q e (mg g À1 ) was calculated as follows:
C 0 (mg L À1 ) and C e (mg L À1 ) are the initial and equilibrium concentration of phenol solution, respectively, W (g) is the input weight of carbon sample, and V (L) is the volume of phenol solution.
Overall scheme of this study, including three main parts of analytical and practical approach, was provided in Fig. 1 . Furthermore, commercial activated carbon (AC; purchased from Sigma-Aldrich) was characterized and applied to phenol adsorption by the same methods as above in order to compare with the resultant activated carbon samples in this study. All experiments were carried out in duplicate, and the average values are presented.
Results and discussion
Structural degradation of char during catalytic thermal conversion by DTG and Py-GC-MS
Before conducting a practical activation process to produce activated carbon, a study of structural degradation behavior of fast pyrolysis char in the presence of catalyst was investigated. Changes in sample weight as temperature increased and volatile compounds released from char during catalytic thermal decomposition were analyzed by DTG and Py-GC-MS analysis, respectively. Fig. 2 shows the DTG curves of pyrolysis char samples with or without KOH catalyst under a nitrogen atmosphere. The curves for pyrolysis char in the absence of KOH (JPC and YPC) appeared almost linear due to gradual decomposition over the temperature range up to 700 C. In the presence of KOH, however, the curves had two main broad peaks, which indicates that rapid thermal degradation occurred in the temperature range around 200-300 C.
The thermal decomposition behavior of pyrolysis char samples in this study, produced at 500 C in a fast pyrolysis process, likely corresponds to that of lignin or a condensed structure, which remained over the temperature range, rather than whole biomass commonly known for considerable decomposition at 200-300 C due to cleavage of glycosidic bonds in cellulose and degradation of hemicellulose. In that temperature range, remaining propanoid side chains, b-b, C-C, and aryl ether linkages can be cleaved [22] [23] [24] to form highly reactive and unstable intermediates that lead to further rearrangement reactions that increase stability. Therefore, peaks could appear by cleavage of the K-C structure complex derived from interaction between KOH and char as the temperature increased. Then, scission of chemical bonds in the structure of pyrolysis char, that were scarcely reacted or broken without catalyst, was facilitated, resulting in lower thermal stability.
As a result of volatile compounds released from pyrolysis char under different KOH ratios (Table 1) , a total of 10 aromatic hydrocarbon (AH) and poly AH (PAH) compounds were detected as the main substances, instead of the oxygenated chemicals that are commonly produced from biomass pyrolysis. This result suggests that pyrolysis char already consists of an aromatic backbone structure, and these volatile compounds could derive from the macromolecular lattice of carbonized char by chemical reactions such as dehydrogenation, decarbonylation, and deoxygenation.
As the KOH ratio increased, the total amounts of volatiles increased to 18.46 nmol g À1 for JPC and 29.56 nmol g À1 for YPC, which are approximately 6 times and 2 times higher than the amounts without catalyst, respectively. This result corresponds to the DTG results that KOH enhanced degradation of the crystalline char structure, which also leads to pore creation by release of monomeric aromatics during catalytic activation. Furthermore, the ratio of AH was much higher than that of PAH, and more than 85.1% of the total amount of volatiles consisted of benzene, toluene, ethylbenzene, and xylenes, generally referred to as BTEX, which are valuable compounds in Fig. 1 Overall scheme of analytical and practical approach to utilize co-product solid from fast pyrolysis to nanoporous material under different catalyst loading and feedstock type. chemical manufacturing. Among these, benzene was the most abundant, accounting for 65.0% and 61.5% of the total volatiles from YPC and JPC, respectively. Although the absolute quantity of benzene increased, its relative proportion gradually decreased with an increase in KOH ratio, whereas the quantities of other compounds increased, specically toluene and xylenes. There seem to be several possible explanations for this result. It could be assumed that inter-molecular cleavage along with degradation of the char structure occurs more frequently than demethylation as catalyst ratio increased. On the other hand, benzene could be an intermediate that can be converted into other products under a high ratio of KOH. For instance, gaseous products or alkylated aromatics could be formed by further cracking or an electrophilic substitution reaction by metallic K derived from KOH acting as a catalyst.
For feedstock types, it appears that JPC has a more rigid structure than YPC based on the following results. First, the residue amount for JPC was 83.8%, higher than the 76.8% for YPC, at the nal DTG analysis temperature. Next, the main degradation peaks appeared at 220 C and 265 C for JPC, which were 10 C higher than those of YPC. In addition, the amount of volatiles detected from Py-GC-MS analysis of JPC was lower, indicating that its structure is more difficult to decompose. These observations could be attributed to the difference in structural characteristics of the original feedstock. It is generally accepted that there are covalent bonds inside the biomass called lignin-carbohydrate complex (LCC) that differ in so-wood and hardwood. According to Jin et al., more than half of cellulose in sowood is combined with lignin, while about onesixth of the cellulose occurs as lignin complexes in hardwood.
25
In addition, coniferous lignin is thermally more stable and prone to form a more condensed structure than deciduous lignin due to highly reactive carbonium cations of guaiacyl nuclei as electron-rich aromatic carbons. 26, 27 Therefore, these differences in inherent structure of feedstock could cause structural rigidity of JPC derived from sowood. During the subsequent catalytic activation, breakdown and rearrangement of the aromatic backbone structure of pyrolysis char could be facilitated by KOH through cleavage of the thermally labile portion of C-C and ether linkages in char, leading to an increase in volatilization of aromatics.
Yields of activated carbon produced from fast pyrolysis char under different KOH ratios
Aer the practical activation process of fast pyrolysis char using a lab-scale furnace reactor, the yield of activated carbon product was shown in Table 2 .
Under the same activation process conditions, the activated carbon yield from JPC was higher than that of YPC, also supporting results of the structural degradation studies in Section 3.1 that the condensed and rigid structure of JPC could cause difficulties in thermal degradation.
Without KOH, 78.8 wt% and 91.9 wt% of carbon products were obtained for YP0 and JP0, respectively, and decomposition would occur mainly by the high temperature of 700 C. As the ratio of KOH increased, the residue yield signicantly decreased, and even at a catalyst ratio of 4, the yield fell to about half that of the non-catalytic conditions. Therefore, the presence of KOH had a great impact on the production of activated carbon through volatilization of large portion of pyrolysis char. This result could be explained by the change in reactivity and thermal lability of the bonding structure of char by KOH, leading to signicant weight loss, as shown in the results of Fig. 2 . In addition, the difference in yield between YPC and JPC was highest without catalyst and gradually decreased with increasing catalyst ratio. This result suggests that the catalytic inuence of KOH enhanced degradation of the rigid structure of char that is scarcely decomposed solely by high temperature.
Graphitization and aromatization of pyrolysis char during the KOH activation process
Chemical and structural characteristics of activated carbon products were studied by elemental composition, XRD, Raman spectroscopy, and XPS analysis. From elemental analysis, the carbon ratio of pyrolysis char was 77.6% and 81.9% for YPC and JPC, respectively. As the KOH ratio increased, the product carbon proportion gradually increased to 90.1-90.4%, which was higher than that of AC (86.0%), whereas the hydrogen and oxygen proportions signicantly decreased. Changes in elemental composition in terms of H/C and O/C ratios for biomass feedstock, fast pyrolysis char, and activated carbon products were studied by Van Krevelen plot, as shown in Fig. 3 . Compared to the original feedstock, pyrolysis char had much lower H/C and O/C ratios, which demonstrates that signicant structural change of biomass as well as dehydration reactions occurred during fast pyrolysis at 500 C. For JP0 and YP0 carbon product treated at 700 C under non-catalyst conditions, both atomic H/C and O/C ratios decreased compared to those of JPC and YPC. Specically, the decrease in H/C ratio was more prominent, suggesting that dehydrogenation reactions proceeded at high temperature.
In the presence of KOH, further deoxygenation and dehydrogenation reactions proceeded, and the atomic H/C and O/C ratios of carbon products decreased as much as that of AC, indicating that carbonized material can be obtained by the catalytic activation process using the co-product of fast pyrolysis. In addition, the decrease in these atomic ratios is indicative of growth of aromatic structures in the carbon material; 28 thus, aromaticity of the product gradually increased with KOH activation. This result is related to the observation in Section 3.1 of an increase in release of aromatic volatiles, which could result from development of a high-degree aromatic structure due to dehydrogenation and deoxygenation enhanced by the catalyst.
JP seemed to be a more suitable precursor for activated carbon product due to its lower H/C and O/C ratios compared with those of YP. Indeed, the H/C and O/C ratios of JP-derived carbon products were lower until the KOH ratio was 2. At a KOH ratio of 4, however, the decreases in these ratios were similar regardless of biomass type, demonstrating that a high catalyst loading was effective in promoting degradation of the rigid char structure, as also shown by the yield data in Table 2 . Fig. 4 provides representative data on the structural characteristics of carbon products including XRD analysis and Raman spectroscopy. The XRD pattern in Fig. 4(a) shows two broad peaks (15.9 and 20-24 ) of JP and YP for the (110) and (200) crystallographic planes with abundant hydroxyl groups involved in a number of intra-and intermolecular bonds in cellulose.
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These peaks disappeared aer the fast pyrolysis process, and new peaks corresponding to sp 3 -hybridized lattice reections (around 43 ) and graphite fraction (at 21 , 23.5 , and 26.6 ) were observed for pyrolysis char and non-catalytic activated carbon products, which can be attributed to degradation of the original biomass structure and creation of crystalline regions. The intensities around 21 , 22 , and 26.6 were also observed for AC, associated with a graphitic structure. In the presence of KOH, the sharp peaks lost intensity, and a broad peak with weak intensity appeared around 43.5 , indicating that intragraphitic layers were decomposed and amorphous carbon material with high porosity formed in the catalytic activation process.
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From Raman spectra of carbon materials (Fig. 4(b) ), two main peaks were deconvoluted and represent the presence of a disordered graphitic lattice, C-C bonds between aromatic rings and aromatics, and a medium to large aromatic ring system around 1350 cm À1 for the I D peak and assignment of graphite region and C]C bonds around 1580 cm À1 for the I G peak. [32] [33] [34] Aer catalytic activation, the main peaks of JP4 were broader and showed a reduction of the I G peak compared to those of JPC. This could be attributed to development of amorphous structure rather than graphitization by reaction of KOH and fast pyrolysis char surface. A numerical comparison of disorder and crystallinity of char samples was determined based on the ratio of the integrated intensity of I D /I G peaks, as shown in Table 3 . The ratios of YPC and JPC were 1.09 and 1.24, which increased to 1.51 and 1.85, respectively, when the KOH ratio was 4. The increase in I D /I G ratio is attributed to the growth of large aromatic ring systems and the presence of dangling bonds in plane terminations of disordered graphite region in the solid sample. [32] [33] [34] Thus, signicant aromatization of pyrolysis char samples occurred under catalytic activation. These results are in close accord with other observations in this study, enhancement of dehydrogenation and deoxygenation reactions, as suggested in Py-GC-MS and Van Krevelen diagram analyses.
In addition, surface functional characteristics were examined by XPS analysis, and the data are provided in Fig. S1 † and Table 3 . The results from deconvolution of C 1s were classied according to functional groups presented by Zielke et al. 37 as follows: C 1s (1) , † development of aromatic or conjugated structures aer KOH activation was also conrmed by observing the p-p shakeup satellite tail at a few eV higher than the binding energy of the main peak 38 in XPS spectra of JP4. The produced carbon products mainly consisted of the C 1s (1) peak, which could result from a deoxygenated and carbonized structure by high temperature, and they had comparable content to that of AC. Among carbon and oxygen bonds, the C 1s (2) peak for C-O bonds was the dominant peak for all carbon products, in agreement with other studies. 4, 39, 40 When inorganic oxide was added to carbon material and the temperature increased, the oxide would transfer to the surface of the char, and bonds between metal and oxygen atoms would dissociate, followed by conversion of -O-free radicals to stable C]O bonds. 41 This would result in the appearance of a C 1s (3) peak for both YP4 and JP4.
Zeta potential of the activated carbon product and AC was also measured at different pH values as presented in Fig. S2 . † As solution pH increased, zeta potential decreased and all the samples have negative zeta potentials over the entire pH ranges, being indicative of negatively charged surface due to the dissociation of acidic functional groups. This accordance with other researches as shown for typical activated carbon.
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Catalytic activated carbon exhibited a smaller level of negative charge than non-catalytic product and pyrolysis char. This suggests that reduction degree increased, which could enhance the p-p interaction in the subsequent aromatic organic material adsorption.
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From the results of structural analysis of the produced activated carbon, it could be concluded that both graphitization and aromatization proceeded, with the latter being the more prominent reaction during catalytic activation, along with development of amorphous structure, which could create more edges and corners to react with other substances.
Changes in morphological and textural features of carbon product
For examination of surface morphological features, SEM analysis was conducted at different magnications, and the images are shown in Fig. S3 . † Before activation, deformation of the biomass structure was observed for YPC and JPC due to pyrolysis at 500 C. For YP4 and JP4, irregularity of the rupturing surfaces was more developed by catalytic cracking; thus, the edge portion could be extended instead of a smooth plane. Specically, JP4 showed a more fragmented structure than YP4, suggesting there might be more edges that possess reactive sites. The N 2 adsorption and desorption isotherms are given in Fig. S4 . † According to International Union of Pure and Applied Chemistry (IUPAC) classication, catalyzed activated carbon is of type I and IV, representing micropore and mesopore structure. Also, hysteresis loop is shown for catalytic activated carbon and AC, which indicates that bimodal pore structure therein. The features for BET surface area and porosity of the raw carbon material and activated carbon products are presented in Table 4 and Fig. 5 . The surface area of fast pyrolysis char from YPC and JPC was low at 9 m 2 g À1 and 27 m 2 g À1 , respectively. As the KOH ratio increased, the surface area dramatically increased to 1908 m 2 g À1 (YP4) and 2711 m 2 g À1 (JP4), which was about three times higher than that of AC. The total pore volume of carbon products generated from catalytic activation also increased to 1.58 cm 3 g À1 for JP4, and most of the volume was composed of mesopores. Interestingly, the proportion and amount of micropores were highest at a KOH ratio of 2, and approximately Table 3 Relative contents of functional groups in the XPS spectra and I D /I G peak ratios in the Raman spectroscopy for the carbon products
Chemical composition (%) C 1s (1) C 1s (2) C 1s (3) C 1s (4) C 1s (5) 68% of the total volume consisted of micropores. Thus, micropores could be transformed into large size pores with an increase in catalyst ratio, while the BET surface area and total pore volume increased. This indicates that it might be possible to selectively produce a micro-or meso-porous material for an intended purpose by controlling the catalyst ratio. Fig. 5 compares the pore size distribution (PSD) of carbon products before and aer the activation process with different KOH ratios. From the PSD graph of fast pyrolysis char and noncatalytic activated carbon, a less developed porous structure was observed for both biomass types. During KOH activation, pores with width less than 30Å were mainly generated, while the pore size of AC was relatively evenly distributed. The decrease in the pore distribution around 20-25Å of catalytic activated carbon and AC is probably due to tensile strength effect generated by the structural properties as observed in the hysteresis loop in Fig. S4 , † which has been reported in other studies. [45] [46] [47] The number of supra-nanometer pores signicantly increased with increasing KOH ratio, specically for JP-derived activated carbon rather than YP-derived product. Consequently, the results of this study suggest that fast pyrolysis char can be utilized to prepare highly active carbon materials with comparable properties to commercial activated carbon, and these materials are expected to show high performance in a variety of application elds.
Evaluation of phenol adsorption capacity comparing to commercial activated carbon
In order to investigate application potential of the produced activated carbon derived from fast pyrolysis char as natural adsorbent for water remediation, phenol removal test was conducted. Fig. 6 shows the phenol adsorption capacity of the carbon products and AC using 200 mg L À1 of phenol standard solution according to different contact times. The adsorption process proceeded rapidly and it reached equilibrium in the initial 30 min, remaining constant for following times. For fast pyrolysis char and non-catalytic activated carbon samples, adsorption uptake was low and the values were uctuated Table 4 Textural properties of carbon products obtained under different KOH ratios a BET specic surface area measured by N 2 adsorption data in the P/P 0 range from 0.06 to 0.20. b External surface area calculated using t-plot method.
c Total pore volume determined from the adsorption isotherm at P/P 0 ¼ 0.99. d Micropore volume calculated using t-plot method. e Mesopore volume calculated by the difference between V total and V micro .
f Average pore diameter determined by the adsorption data using BJH method. probably due to weak-binding interaction caused by a lack of active sites therein. On the other hand, KOH-activated carbon products showed largely improved phenol adsorption capacity, which was higher than that of AC.
As for different solution concentration condition (25-200 mg L À1 ), the amount of phenol uptake increased with an increase in the solution concentration, but a relative adsorption rate based on initial solution gradually decreased for all samples. Thus, it can be assumed that adsorption could be no longer carried out aer a certain amount of adsorption had proceeded and not all reactive sites in carbon products could be bound to adsorbate.
In order to assess the applicability of carbon products in this study for phenol adsorption process, isotherm model study was carried out. Two adsorption isotherms, Langmuir (eqn (3)) and Freundlich model (eqn (4)) which are most frequently used, [48] [49] [50] [51] were applied to determine the correlation between the adsorbed amount of phenol and the equilibrium concentration of solutions under different solution concentrations. The models equations are represented as follows:
where C e (mg L À1 ) and Q e (mg g À1 ) are the phenol concentration at equilibrium and the absorbed amount of phenol per 1 g of carbon product, respectively.
) is calculated as the equilibrium concentration in the solution. The respective parameters of two models are presented in Table 5 and adsorption isotherms for all adsorbent samples was provided in Fig. S5 . † Fast pyrolysis char and non-catalytic activated carbon products did not matched isotherm models due to their unreliable adsorption behavior. For KOH-activated carbon products, however, it can be observed that Langmuir isotherm model described adequately with high R 2 value. Thus, adsorption of phenol could occur through monolayer coverage with identical affinity for the adsorbate on a homogeneous surface of activated carbon products in this study. This result also corresponds to other previous studies.
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In addition, JP4 showed the highest adsorption capacity (Q m ), 625.0 mg g À1 , which was higher than that of AC (500.0 mg g À1 ). This result was also superior to that of other researches, To further study on the correlation between features of carbon product and adsorption capacity (Q m ), plots for Q m versus each property factors (carbon ratio, oxygen ratio, I D /I G ratio, S total , S external , V total , V micro , and V meso ) were drawn. As a result, several factors including BET surface area, pore volume, and aromaticity determined by I D /I G ratio indicated a positive correlation with Q m value. Interestingly, among those factors, a high degree of correlation (R 2 ¼ 0.99) between mesopore volume and Q m was observed. As the mesopore volume of activated carbon product increased, Q m value also increases linearly (in Fig. 7(a) ). Fig. 7(b) shows the plot including data of the most developed activated carbon from this study and other studies. [55] [56] [57] JP4 and YP4 in this study has higher Q m value than that from other studies, and the value has a strong positive correlation with the increase of mesopore volume. Generally, micropore has been considered as a dominant factor impacting the adsorption behavior because it could provide adsorptive sites rather than mesopore. However, mesopore can play an important role in enhancing adsorption capacity by expanding diffusion path for adsorbate to reach active sites. 54 Therefore, a creation of mesopore in carbon product during the process could make the phenol adsorption reaction more favorable by enhancing rapid mass transfer as well as pore accessibility.
Conclusions
An approach to structural assessment of nanoporous activated carbon derived from fast pyrolysis char under various catalyst loadings and its application to natural adsorbent for phenol removal was carried out. As a result of Py-GC-MS analyses, an increase in release of aromatic hydrocarbons including a considerable proportion of BTEX were determined, which could be attributed that carbon-carbon bonds in solid char is more likely to be cleaved by KOH catalyst. Aer the activation process, a high-degree aromatic structure compared to AC was developed with a KOH ratio of 4. Moreover, successful production of microporous or mesoporous carbon material was accomplished with the maximum BET surface area of 2711 m 2 g À1 (JP4), and the created pore size was largely inuenced by catalyst loading. As for phenol removal, JP4 showed higher adsorption capability than that of AC and Langmuir model was more suitable to describe adsorption process in this study. In addition, a strong positive correlation between V meso and Q m value from Langmuir model was observed, indicating that enhanced mass transfer and pore accessibility by mesopore. The results of this study suggest that fast pyrolysis char, coproduct of the process, can be utilized to prepare a superior natural adsorbent for phenol as well as highly active carbon materials comparing to AC, and the carbon materials are expected to be applied low-cost and high performance in a variety of application elds.
Conflicts of interest
There are no conicts to declare.
